Landau quantization of the m energy bands of a carbon nanotube is calculated within the tight-binding approximation. The energy bands do not show explicit Landau levels, but they do have energy dispersion for all values of magnetic field. The energy bandwidth shows oscillations with a period that is scaled by a cross section of the unit cell of the tubule, which is specified by the symmetry of the nanotube.
Carbon nanotubes are of exceptional interest as onedimensional (1D) materials on a nanometer length scale. '
The electronic structure is especially significant in the sense that carbon nanotubes can be either metallic or semiconducting, depending only on the symmetry of the tube specified by a vector (see chiral vector, Ca, in Fig. 1 ). The magnetic response of the electronic structure for such one-dimensional materials with a two-dimensional surface is especially interesting, and is relevant to recent magnetoresistance and susceptibility ' experiments.
In a two-dimensional cosine band with lattice constant a, there is fractal behavior in the energy band spectra in a magnetic field H, depending on whether Ha /Po is a rational or irrational number, where Pe=bc/e is a flux quantum. ' All energy dispersion relations are a periodic function of integer values of Ha /Pn. However, the corresponding field is too large (-10 T) to observe this fractal behavior explicitly. In relatively weak fields (-10 Here we present the magnetic energy band structure for carbon nanotubes within the tight-binding approximation, in which we use only the approximation that the atomic wave function is localized at a carbon site, and the magnetic field varies sufficiently slowly over a length scale equal to the lattice constant. This condition is valid for any large magnetic field, even if we adopt the smallest diameter carbon nanotube observed experimentally, whose diameter is 5 O times as large as ac c=1. 421 A, the nearest-neighbor C-C distance.
When the magnetic field H is applied perpendicular to the tubule axis, we can consider the two-dimensional vector po- 
where N is the number of hexagons in the tubule unit cell given by N=2(n +m +nm)/dtt Since we have two inequivalent carbon sites A and B in the graphitic unit cell, we must solve a 2NX2N matrix to find the energy eigenvalues for a given k vector.
where L is the length of the chiral vector, Ca, (L=~C a~), and the coordinates x and y are taken along the circumferential and tubule axis directions, respectively (see Fig. 1 ).
For a chiral vector Cs=nat+na2=(n, m) (n, m are integers; at, a2 are unit vectors), the unit cell of the tubule is a rectangle specified by C~a nd a translational vector T as shown in Fig. 1 (9)
In obtaining the last line of Eq. (9), we use the fact that (1) the magnetic field is slowly changing compared with the change of y, (r -R), and (2) q, (r -R) is localized at r=R.
Equation (9) 
where tp(r) is the flux that penetrates the triangle defined by the three points, R, R', and r. However, we neglect this phase factor in the integrals over the atomic matrix element for simplicity. This approximation is valid when the magnetic field changes slowly compared with the lattice constant. This approximation is consistent with the assumption that we made above. The details of this formulation will be presented elsewhere. '
In Fig. 2 number, when considering two-dimensional Landau levels of graphite. When the magnetic field increases, the energy dispersion of each tubule energy band becomes narrower (see Fig. 2 ) because of magnetic interband interaction between different k bands. This narrowing is easily seen in the case of zigzag tubes for which the chiral vector Ci, is expressed as (n,0).
For a general chiral vector, the narrowing also occurs. However, it is difficult to see this effect, since the energy dispersion curves with different symmetries can cross each other in a complicated way. This fact implies that the effective mass of the electrons increases with increasing H, and this effect might therefore be observed in a cyclotron resonance experiment. The magnetic field scale, over which the bandwidth decreases, depends on L, or the tube diameter. If the tube diameter is sufficiently large (200 A), the phenomenon should be observable in available laboratory magnetic fields (5 T).
The total energy bandwidth decreases with increasing magnetic field (see Fig. 2 ) and these oscillations in bandwidth are found not to depend on kY. The reason for the lack of kY dependence is that kY is a quantum number independent of H. The interband mixing effect between different k values is sensitive to kY. However, when we apply higher magnetic fields, the total energy bandwidth is found to oscillate as a function of H, as shown in Fig. 3 . The energy at kY=O is plotted in Fig. 3 as a function of a dimensionless magnetic field (L/27r+ /md for the three tubules Ci, = (a) (20,0), (b) (20, 20) , and (c) (9,9).The bandwidth oscillates as a function of (L/2m+ /7rd for these three tubules. It is, (n, m) chiral fibers, we can see the same shape of oscillation as in Fig. 3 . However, in the general case, the scaling factor depends on the tubule symmetry and the scaling factor is not always equal to d, the highest common denominator of (n, m) It is interesting to see for a semiconducting tube (20, 0) that the energy gap at the Fermi energy EF = 0 is oscillating between the zero-field band-gap value and 0 as a function of magnetic field. This means that the semiconducting tube can be either metallic or semiconducting with increasing magnetic field, dependent on the H values. This phenomenon was already pointed out in the case that the magnetic field is parallel to the fiber axis. ' This result, however, is not found in the k p perturbation theory calculation when the magnetic field is perpendicular to the tube axis. The oscillations in Fig.  3 can be found only when we consider the symmetry effect of the carbon nanotube, which gives rise to a finite number of wave vectors in the k direction. (20, 0) tubule may still be observed when we include the Zeeman term. As for the case of metallic tubules, the Zeeman term would affect the magnetic susceptibility, as discussed by Lin-Chung and Rajagopal.
The competition between the Zeeman term and the lattice geometry (or lattice potential) is not simple for the larger diameter tubules and higher magnetic fields, and a more detailed treatment of this effect will be reported elsewhere.
In the case of the armchair nanotubes (20, 20) and (9,9) the energy levels in the first period of the magnetic field are identical to the energy dispersion for these tubes in the direction of kz in the case of K=0. In such a high symmetry case, we can see that application of a weak field corresponds to a shift of the k vector in the T direction (see Fig. 1 ). It is not easy to see this relation for a general chiral tube.
Such large oscillations might be observed in carbon nanotubes with very large diameters, since the period is basically proportional to the inverse of the square of the diameter (in the case of Fig. 3 (20, 0) and (20, 20) , whose diameters differ by a factor of g3, have the same period. Further, the difference between the highest symmetry case and the lowest symmetry case are on the order of 2 for d, = 100 A. Thus, the observation of this oscillation may provide a tool for determining the chirality of a carbon nanotube. Furthermore, the oscillation of the total energy of the m bands could give rise to a large oscillation in the magnetic susceptibility. It is noted that these oscillations are different from the usual de Haas -van Alphen oscillations, where the period of oscillation is proportional to H. Furthermore, the oscillations in the density of states and in the effective mass of the 1D carbon nanotubes at the Fermi level would give rise to interesting phenomena in the magnetoresistance at very low temperature. In the experiments, the effect of multilayers would tend to cancel the oscillation from tubules of different diameters and symmetries. A large diameter singlewall carbon nanotube would therefore be preferable for experimental study. A more detailed report on the properties of the magnetic energy band structure for carbon nanotubes will be presented elsewhere.
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